Introduction-Hemorrhagic shock (HS) followed by a subsequent insult ("second hit") often initiates an exaggerated systemic inflammatory response and multiple organ failure. We have previously demonstrated that valproic acid, a pan histone deacetylase (HDAC) inhibitor, could improve survival in a rodent "two-hit" model. In present study, our goal was to determine whether selective inhibition of histone deacetylase 6 with Tubstatin A (Tub-A) could prolong survival in a 2-hit model where HS was followed by sepsis from cecal ligation and puncture (CLP).
INTRODUCTION
Hemorrhagic shock (HS) is a major cause of morbidity and mortality among trauma patients, while septic shock (SS) is a leading cause of mortality in the intensive care units [1] . Patients who survive the acute episode of blood loss, often exhibit a systemic inflammatory response syndrome (SIRS), which can be further complicated by immune dysfunction [2] . The combination of hemorrhage and subsequent sepsis in trauma patients (two hit insult) is considered to be a major reason for the development of multiple organ failure and death in trauma patients [3] . Despite advances in supportive treatments, the mortality and morbidity remain high with a substantial burden on the healthcare system [4] .
Sepsis is classically attributed to hyperinflammatory responses that result in excessive production of cytokines, which can lead to cellular injury and organ dysfunction [5] . It has been shown that shock decreases the acetylation of nuclear and cytoplasmic proteins, which in turn impairs gene transcription and the function of multiple pathways that are involved in cell survival [6] . Inhibition of histone deacetylase (HDAC) can induce protein acetylation. It has been reported that histone hyperacetylation results in up-regulation of cell cycle inhibitors (p21Cip1, p27Kip1, and p16INK4), repression of inflammatory cytokines [interleukin (IL)-1, IL-8, tumor necrosis factor-α (TNF-α)], and down-regulation of immune stimulators (IL-6, IL-10, and CD154) [7] . Our team has previously demonstrated that treatment with valproic acid, a pan HDAC inhibitor, results in improved survival in a rodent two-hit (HS followed SS) model [8] . However, class and isoform selective inhibition of HDAC is now gaining favor as it limits the toxicity that has been observed with pan-HDAC inhibitors (HDACI). HDAC6, a member of the HDAC family, whose major substrate is atubulin, is being increasingly implicated in the pathogenesis of inflammatory disorders. In the present study, we tested the hypothesis that specific HDAC6 inhibition with Tubastatin A (Tub-A) would improve survival in a rodent two-hit model: HS followed by septic shock from cecal ligation and puncture (CLP).
MATERIAL AND METHODS
principles stated in the Guide for the Care and Use of Laboratory Animals, National Research Council, and was approved by the Institutional Animal Care and Use Committee. Male C57BL/6J mice (18-26 g) were purchased from The Jackson Laboratory (The Jackson Laboratory, Bar Harbor, ME) and housed for 3 days before the experiment to ensure good health.
Animal Model and Experimental Design
Hemorrhage was induced as previously described by Liu et al [8] . Mice were anesthetized with 0.7% to 1.2%isoflurane (Abbott Laboratories, North Chicago, IL) mixed with air, which was administered via a nose cone scavenging system and allowed to breathe spontaneously, using a veterinary multichannel anesthesia delivery system and vaporizer (Kent Scientific Corporation, Torrington, CT). The bilateral femoral artery was cannulated with polyethylene 10 catheters (Clay Adams, Sparks, MD). The left femoral artery cannula was used for hemorrhage and fluid resuscitation, while the right arterial catheter was connected to the Ponemah Physiology Platform (Gould Instrument Systems, Valley View, OH) for continuous hemodynamic monitoring. To induce HS, baseline arterial blood samples were obtained, and then additional blood was withdrawn to a target of 30% of the estimated total blood volume (total blood volume [ml] = weight [g] * 0.07 [ml/g] over 10 minutes. After 30 minutes of unresuscitated shock, the animals were randomly assigned to three groups (n= 7-13/group) and treatment was administered via intraperitoneal injection, as follows: (a) Sham animals, instrumentation and anesthesia but no hemorrhage and no CLP (Sham) (n = 7); (b) Dimethyl sulfoxide (DMSO) (1μl/g) vehicle treated animals (VEH) (n = 13) and (c) Tubastatin A (70 mg /kg) treated animals (Tub-A) (n = 13). After 1 hour of observation, catheters were removed, vessels were ligated, and skin incisions were closed. Animals were recovered from anesthesia and returned to their cages. Twenty-four hours later, these mice were re-anesthetized with isoflurane, and polymicrobial sepsis was induced by CLP as described by Rittirsch et al [9] . In brief, the peritoneal cavity was opened under inhaled isoflurane anesthesia. Cecum was eviscerated, ligated at the designated position (75%) using a 5-0 suture, and punctured through and through (2 holes) with a 21 gauge needle. The punctured cecum was squeezed to expel a small amount of fecal material and returned to the peritoneal cavity. The abdominal incision was closed in two layers with 4-0 silk suture. A second (same as previous) dose of DMSO and Tub-A was given via intraperitoneal administration, and animals were woken from anesthesia and transferred to their cages for observation. They were monitored for 10 days to document survival. A second experiment was designed to measure the concentration of selected e proinflammatory cytokines in the peritoneal fluid and their mRNA expression in the liver. In this experiment, a different set of mice were subjected to the two-hit (same as experiment 1), and sacrificed 3 hours (n= 3 per group) after CLP. At the time of sacrifice, abdominal cavity was opened and irrigated with 1 ml of isotonic sodium chloride solution, and this fluid was collected, liver tissues were harvested for further assay.
Myeloperoxidase Assay
Myeloperoxidase (MPO) activity in peritoneal irrigation fluid was determined using the Myeloperoxidase Assay Kit (Cell Sciences Inc., Canton, MA) according to the manufacturer's instructions. The peritoneal cavity was irrigated with 1 ml NS, the fluid was centrifuged at 1500g at 4°C for 10 minutes and supernatants were saved for analysis.
Cytokine measurements
TNF-α and IL-6 in peritoneal irrigation fluid were determined with commercially available Enzyme Linked Immunosorbent Assay (ELISA) kits according to the manufacturer's instructions (R&D Systems Inc., Minneapolis, MN). The concentrations of cytokines were measured by optical densitometry at 450 nm in a SpectramaxPlus 384 microplate reader (Molecular Devices, Sunnyvale, CA). All of the analyses were performed in triplicates.
Real-time Polymerase Chain Reaction (real-time PCR)
RNA was isolated from liver tissue and converted into cDNA with High Capacity cDNA Reverse Transcription kit, following the manufacturer's protocol (Applied Biosystems, Foster City, CA). Equal amounts of cDNA were subjected to the PCR in the presence of SYBR green Master Mix, forward and reverse primers, and the ABI PRISM 7300 Real Time PCR detection machine. Primers were purchased from RealTimePrimer.com (Elkins Park, PA). PCR was performed with 40 cycles of 15 seconds at 95 °C, and 1 minute at 59 °C. GAPDH was used as an internal control. Each sample was run in triplicates. Relative mRNA expression was calculated using the parameter threshold cycle (CT) values. The ΔCT was the difference in the CT values derived from the specific gene being assayed and the GAPDH mRNA. ΔΔCT represented the difference between the paired samples, as calculated by the formula ΔCT of a sample -ΔCT of reference (the average ΔCT of sham samples). The fold change was calculated as 2 −ΔΔCT . Primers for TNF-α, Forward: 5′-CCC ACT CTG ACC CCT TTA CT-3′, Reverse: 5′-TTT GAG TCC TTG ATG GTG GT-3′; IL-6, Forward: 5′-CTA CCC CAA TTT CCA ATG CT -3′, Reverse 5′-ACC ACA GTG AGG AAT GTC CA-3′:GAPDH, Forward: 5′-GGA GCG AGA CCC CAC TAA CA-3′, Reverse: 5′-ACA TAC TCA GCA CCG GCC TC-3′.
Statistical analysis
Survival rates were compared by Kaplan-Meier log-rank test. Data are presented as group means ± standard error of mean (SEM). Statistical differences were determined by analysis of variance (ANOVA) for multiple-group comparisons, and p value of less than 0.05 was considered to be statistically significant. Data were analyzed using GraphPad Prism (version 5.0 for Windows, GraphPad Software, San Diego, CA).
RESULT Tub-A improves survival in a mouse two-hit model of hemorrhagic and septic shock
The first hit (30% blood volume hemorrhage) was intentionally kept sub-lethal to ensure that all the animals survival until the second hit. As shown in Fig 1, animals started dying after the CLP insult and only 15.4% of mice in the control group survived for 10 days, with most of the deaths within the first 24 h. In contrast, Tub-A treated animals displayed a significantly better long-term survival rate (69.2% survived > 10 days). These results indicate that administration of Tub-A significantly improves survival in this two-hit model (p < 0.05). 
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Tub-A decreases CLP-induced myeloperoxidase activity
As a marker for neutrophil-mediated oxidative damage, MPO activity in the peritoneal fluid was measured to determine the degree of local inflammation. As shown in Fig 2, MPO activity was low (27.8 ± 4.9, p < 0.01) in the sham group, whereas CLP resulted in a significant increase in the MPO activity (169.9 ± 8.4 ng/ml, p < 0.01). In contrast, Tub-A treatment was associated with a significant attenuation in the MPO activity (70.4 ± 17.4ng/ml, p < 0.01).
Tub-A suppresses production of pro-inflammatory cytokines TNF-α and IL-6
Peritoneal fluid collected at 3 hours after CLP was examined for these pro-inflammatory cytokines. In the sham groups, the levels of TNF-α and IL-6were very low, whereas the vehicle treated group showed a significant elevation in the levels of TNF-α (105.7 ± 4.7 pg/ml, p < 0.01) and IL-6 (907.4 ± 2.3 pg/ml, p < 0.01) in the peritoneal fluid. Administration of Tub A attenuated these changes significantly (TNF-α: 7.4 ± 2.4 pg/ml; IL-6: 483.6 ±1.6 pg/ml; p< 0.01) (Fig 3) .
Tub-A suppresses transcription of TNF-α and IL-6
To determine whether Tub-A could affect transcription of TNF-α and IL-6 genes, the real time PCR analysis was performed. Compared to the sham group, mRNA levels of TNF-α and IL-6 in the liver tissue were 18.9 ± 1.3 and 43.3 ± 5.8 folds higher in the vehicle group respectively, whereas Tub-A treatment suppressed this up regulation (p < 0.01) (Fig 4) .
DISCUSSION
In this study we have shown that inhibition of HDAC6 with Tub-A significantly increases survival in a rodent two-hit model, along with an attenuation of peritoneal myeloperoxidase activity and down regulation of pro-inflammatory cytokine (TNF-α and IL-6) gene and protein expression.
SIRS caused by trauma and hemorrhage can be particularly lethal and often is complicated by a second injury such as sepsis. The initial injury acts as the first hit, which disturbs the immune system, making the host vulnerable to subsequent infections. The concept of twohit insult has been increasingly accepted as an explanation for the development of multiple organ dysfunction syndrome in the trauma patients [3] . In recent years, we have moved away from aggressive crystalloid resuscitation for the treatment of hemorrhagic shock due to accumulating pre-clinical and clinical data about its adverse consequences [10] [11] [12] . The contemporary trauma care now is based upon the concept of Damage Control Resuscitation, which limits use of crystalloids, promotes early blood product use, and prompt hemorrhage control [13, 14] . In contrast to hemorrhage, early treatment of sepsis continues to emphasize goal directed crystalloid resuscitation to replace the intravascular fluid that is lost due to leaky capillaries [15] . But even in these patients, excessive administration of fluids is associated with adverse outcomes [16] . A practical problem for the pre-hospital environment, especially the battlefield setting, is the limited availability of resources and supplies, such as fluids and blood products. Therefore, the focus of our research team has been to develop logistically practical pharmacological treatments that can keep the injured alive under austere circumstances and serve as a bridge to definitive care. HDACIs have emerged as a promising group of drugs as they have potent pro-survival and antiinflammatory properties, and possess numerous attractive features such as quick onset, reversible cellular changes, and easy availability (many are approved for clinical use in nontrauma conditions) [17] . Preclinical data have confirmed that treatment with a pan-HDACI agent (e.g. valproic acid) improves survival in small and large animal models of HS, suppresses inflammation, activates pro-survival pathways, attenuates tissue damage, prevents distant organ injury, and prevents death in models of septic shock as well as in twohit rodent models [8, [18] [19] [20] . Although pan HDACI are effective, they often require very large doses to exert the desired effect, which raises concerns about potential toxicity. A phase I dose optimization clinical trial is currently underway in healthy volunteers and trauma patients (ClinicalTrials.gov Identifier: NCT01951560) to identify the maximum safe dose. Another potential approach is to use isoform selective HDACI instead that have shown promising results [21] [22] [23] and may have better safety profiles.
In this study, we used a severe yet nonlethal blood loss (without resuscitation) as the first hit, followed by CLP (a widely used model for polymicrobial infection) to induce sepsis. We selected HDAC6 inhibitor Tub-A for testing, based on two recent findings. First, we have shown that Tub-A treatment can improve survival in a rodent model of lethal CLP-induced septic shock [24] . Second, we have found that selective inhibition of HDAC6 with Tub-A can improve survival following lethal HS (data accepted as an oral presentation for the 45th Annual Meeting of Western Trauma Association, 2015). We therefore reasoned that Tub-A treatment should improve survival in a combined model of hemorrhage and subsequent sepsis. Results from the present study support this hypothesis.
There are some theoretical advantages to using isoform selective HDACI rather than paninhibitors (e.g. VPA). While VPA has been shown to suppress inflammation, attenuate tissue damage, prevent distant organ injury, and death in models of septic shock as well as two-hit insults [8, 18] , the non-specific inhibition of HDAC can be problematic. VPA inhibits class I (HDAC 1, 2, 3 and 8) and class II HDACs (HDAC4, 5 7, and 9) [25] , which can have undesirable effects. For example, Class I HDACs repress TNF-induced NF-kBdependent gene expression and promote interferon signaling [26] . Inhibiting Class I HDAC may lead to toxicity in immune cells, lymphocyte development impairment, amplified production of TLR/NF-kB-inducible inflammatory mediators, and compromised antimicrobial responses. Classical HDACs such as HDAC1 and HDAC2 have been shown to promote B cell proliferation, and their inhibition leads to the arrest of pre-B cells in the G1 phase of development, accompanied by increased apoptotic death. In addition, T cell development and genomic stability in mice are dependent on HDAC1 and HDAC2 [27] . Conditional deletion of HDAC1 in T cells results in increased Th2 cytokine production as well as heightened airway inflammation [28] . In contrast, HDAC6-deficient mice showed normal lymphoid development, with only moderately-affected immune responses, and HDAC6 deletion has not been found to be detrimental to normal mammalian development [29] . Our own studies have recently demonstrated that Tub-A can prevent immune cells apoptosis in a model of septic shock [21] . Taken together, these data suggest that isoform specific inhibition of HDAC6 with newer pharmacological agents may be a better approach than non-selective HDAC inhibition.
This study has certain limitations that must be acknowledged. For logistical reasons, we only measured selected cytokines. Many more mechanisms and factors (e.g. oxidative stressinduced signal transduction pathway, serum cytokines, etc.) are likely to be influenced by Tubastatin A treatment. Further molecular mechanisms underlying phagocytosis and apoptosis changes after inhibition of HDAC6 need to be explored. While the sample size was statistically adequate, it may not have been large enough to show smaller intergroup differences. Similarly, to minimize repeated blood draws (that can be lethal) and to reduce the total number of animals, we did not obtain serial samples. Because this was a proof-ofconcept study, we only tested a single dose of the drug, and it was given as an intraperitoneal injection, which although commonly used in mice studies, is not clinically realistic.
In conclusion, we have demonstrated that Tubastatin A, an inhibitor of HDAC6, can effectively reduce MPO levels, inhibit pro-inflammatory cytokines TNF-α and IL-6, suppress TNF-α and IL-6 gene transcription, and improve survival in a rodent model of HS followed by CLP. Although the fundamental molecular and cellular signaling events still require further investigation, HDAC6 may represent a novel and promising therapeutic target for post hemorrhage sepsis. Male C57BL/6J mice (18-26 g) were subjected to sublethal HS and then randomized into two groups (n = 7-13): Tub-A and vehicle (VEH) control. The Tub-A group was injected with Tub-A (70mg/kg, i.p.). VEH group given (DMSO) (1μl/g, i.p.). After 24 h, all mice received CLP followed immediately by injection of the same dose of Tub-A (Tub-A group) or DMSO (VEH group). Survival was monitored for 10 days. The Kaplan-Meier curve illustrates survival over the 10-day observation period. Treatment with Tub-A significantly
